1 5 3 1 environment can reveal genetic heterogeneity within populations, and in some cases, be used 3 2
The SAGs in this study originated from four lakes geographically isolated from one 1 0 2 another and represent a rich source of reference genomes that can be used to recruit 1 0 3 metagenomic reads in order to study population structure and dynamics through time in 1 0 4 naturally assembled communities. In particular, the contrasting origin of these SAGs provide 1 0 5 the opportunity to assess the differences in populations belonging to the same "tribe" while 1 0 6
having evolved in different island-like habitats (i.e. lakes). Two of the lineages featured in the 1 0 7
present study are the abundant and ubiquitous freshwater Actinobacteria acI and 1 0 8
Alphaproteobactera alfV containing the freshwater SAR11 sister-clade, LD12. Members of 1 0 9 these lineages are intriguing in their own right, as they represent groups of free-living 1 1 0 ultramicrobacteria that dominate many freshwater ecosystems [22] [23] [24] [25] [26] [27] [28] . They differ markedly 1 1 1 with respect to within-lineage diversity: LD12 is the sole tribe defined within the freshwater 1 1 2 alfV lineage, while the acI lineage is comprised of 13 tribes 21 . The acI and LD12 have no both lineages have genomes with GC content values lower than 40% and estimated sizes of 1 1 5 about 1.5 Mb or less [29] [30] [31] . These genome characteristics are all the more striking since most 1 1 6 cultivated species in the Alphaproteobacteria and Actinobacteria have GC-rich genomes up to 1 1 7
10 Mb in size. Second, both lineages have evolved by massive gene loss 30, 32 . Third, the 1 1 8 fraction of gained genes is only about 10% of the lost genes. Fourth, both groups of bacteria 1 1 9
have small cell volumes 27, 28 . However, acI and LD12 seem to employ different substrate 1 2 0 niche specialization. While acI is thought to primarily use polyamines, oligopeptides and 1 2 1 carbohydrates, LD12 specializes in carboxylic acids and lipids 29, 33 . into 8 to 103 contigs with GC contents between 29.1% and 51.7% (Table 1) . Estimated 1 3 9 genome completeness, calculated using two different methods, ranged between 30% and 1 4 0 99%. Throughout the paper we will use mostly the shorter name version to facilitate reading, 1 4 1 for example, M14 in place of AAA027-M14. The 33 SAGs in the study represent fifteen different previously defined freshwater only one SAG each, while four tribes (LD12, acI-A1, acI-A7 and acI-B1) have more than one changed and the fraction of reads mapping with 60-90% identity to each acI SAG dropped 2 2 5 dramatically ( Figure S2 ). However, a secondary peak around 80% identity still remained in 2 2 6 most cases, and it is possible these reads originated from cells belonging to other acI 2 2 7 populations lacking a representative SAG. LD12 SAGs collected from Lake Mendota (C06, J10, L15, C07 and D10) also had a 2 2 9 distinctive peak of recruited reads at >97.5% sequence identity (Figure 3B ), although the 2 3 0 overall shape of the recruitment patterns differed dramatically from those of the acI lineage. For example, LD12 SAGs had a secondary recruitment peak at ~92% identity whereas the acI 2 3 2
SAGs had secondary peaks at ~75% with non-competitive mapping. This suggests the 2 3 3 sequence-discrete populations within the LD12 tribe were more similar genetically than 2 3 4 populations comprising the acI-B1 tribe. In fact, the populations were sufficiently similar that 2 3 5 the hallmark coverage discontinuity below 97% similarity was not particularly pronounced 2 3 6 ( Figure 3B) . Under competitive recruiting conditions, the LD12 recruitment distribution 2 3 7 plots had remarkably different shapes (Figure S2B and D) , as compared to the uncompetitive 2 3 8 recruiting conditions (Figure 3B) , and each SAG had only a single peak at >97.5% identity.
3 9
This suggests the majority of LD12 cells in Lake Mendota belong to sequence-discrete 2 4 0 populations represented by the SAGs in our collection.
4 1
All but one (I06) of the other freshwater SAGs in this study that were collected from 2 4 2 Lake Mendota generated the distinctive read recruitment frequency peak above 97.5% 2 4 3 identity ( Figure 3C ) that was observed for acI ( Figure 3A) . A negligible number of reads show the intriguing diversity of recruitment patterns. We finally underscore the need to more 2 4 8 deeply sample individual population members using SAGs, to better capture and describe the 2 4 9 1 1 range of variation in population structure. Are sequence-discrete populations within a tribe ecologically discrete too?
Results from a single metagenome sample suggested that individual tribes were 2 5 3 composed of multiple genetically distinct populations that could be delineated and tracked 2 5 4 using metagenomic read recruitment. Next we hypothesized that these populations might also 2 5 5 be ecologically distinct and fill different realized niches. If so, we might expect these 2 5 6
populations to display different temporal abundance patterns. We followed changes in Using the relative number of reads recruited as a proxy for abundance, we found the 2 6 2 J17 population, which belonged to the acI-B1 tribe, to be the most abundant acI population in Spearman rank correlation = 0.294), indicating each population had a different temporal 2 6 6 abundance pattern. This suggests the two sequence-discrete populations comprising the acI-2 6 7 B1 tribe were also ecologically distinct. The different tribes of acI, which were more distantly 2 6 8 related than the populations within the B1 tribe, also displayed different abundance patterns 2 6 9
in Lake Mendota. For example, the acI-A1 I14 SAG population peaked in spring, but at 2 7 0 markedly higher levels in 2009 and 2012 than in other years ( Figure 4B) . The acI-A6 I14 2 7 1 SAG population was consistently in low abundance compared to other tribes, but had small 2 7 2 peaks in June and July. In contrast to the acI-B1 tribe, the populations comprising the LD12 tribe had highly 2 7 4 1 2 similar abundance patterns. (Figure 4C and S3 ). The abundances of J10, L15, and C06 2 7 5 populations were strongly correlated (Spearman rank correlation = 0.997-0.999) and tended 2 7 6
to peak both in Spring and Fall ( Figure S3 ). The D10 population was the most abundant in 2 7 7 the dataset but its abundance was not as strongly correlated to the other LD12 populations was also correlated to both the J10-L15-C06 populations and the D10 population (Spearman We also examined the extent to which within-population diversity varied through time (such as LD12 and acI-B1 J17) generally had lower population-wide ANI variance through 2 9 0 time compared to some less abundant populations (such as acSTL-A1-D23 and acI-A6-I14). For example, the SAG bacI-A1 G08 population had relatively high population-wide ANI in populations recruiting a very low number of reads, it is possible that the sampling is not deep 2 9 7 enough to reflect the true ANI value of the populations thus leading to a higher observed 2 9 8 variance. Comparative genomics can reveal the diversity and structure of bacterial populations.
0 2
This approach is particularly powerful when applied using single cells recovered from (Alphaproteobacteria) and acI (Actinobacteria).
1 1
Pairwise genome-wide ANI has been proposed as a useful metric for determining if 3 1 2 two genomes belong to the same species 11,12 . This kind of analysis has been used to illustrate approach of recruiting metagenomic reads from wild populations has been used to gather 3 1 5 evidence for the existence of sequence-discrete populations (which may function as cohesive 3 1 6 species-like groups) 7,18 . We found that sequence-discrete populations could be delineated in 3 1 7
the Lake Mendota metagenome using our 33 SAGs as references, as has previously been 3 1 8 demonstrated in other lakes using genomes assembled from metagenomes 7,19 . We interpret 3 1 9
the occurrence of these populations in the context of previously defined phylogenetically 3 2 0 coherent and ostensibly ecologically distinct "tribes" composed of cells with >97.9% 16S 3 2 1 rRNA identity 36 . We conclude that the canonical freshwater tribes can contain multiple sequence-discrete populations. The converse is, of course, not true: sequence-discrete 3 2 3 populations can never represent multiple tribes.
2 4
Pair-wise gANI analysis of SAGs and metagenomic read recruitment indicated that 3 2 5 cells belonging to the same tribe but inhabiting different lakes were usually genetically 3 2 6
distinct. For example, SAGs collected from other lakes generally recruited very few reads 3 2 7
from Lake Mendota at ANI >97.5% (Figure 5 ) while many recruited a substantial number of 3 2 8 reads in the 89-92% range (Figure 3) . However there were two prominent exceptions: LD12 3 2 9
N17 and L09, both of which are from Sparkling Lake. N17 and L09 share 97% gANI with
Mendota SAG D10, which is substantially higher than the average (88%) and median (90%)
within-tribe gANI (Table S1 ). These SAGs also recruited roughly the same number of reads 3 3 2 with >97.5% identity as did the LD12 SAGs from Lake Mendota, though around 20% of the 3 3 3 base pairs in the genomes did not recruit any reads (17% for L09 and 23% for N17). This implies that some gene content was present in the Sparkling Lake populations but missing in 3 3 5 Lake Mendota. However, 10% of the base pairs in the D10 genome also did not recruit any 3 3 6 reads, even though it was from Lake Mendota. This rare genome content could represent 3 3 7 flexible or low frequency genes in the population, or contamination in the SAG preparation. We examined the phylogenetic distribution of low-coverage contigs and did not discern any In Lake Mendota, acI cells are organized into genetically discrete populations, but the 3 4 1 forces creating this organization remain a mystery. The consistent lack of coverage around 3 4 2 90-97% identity in recruitment plots indicates Lake Mendota lacks acI genotypes sharing this 3 4 3 degree of sequence similarity with our SAGs, or at least that these putative genotypes were 3 4 4 consistently at much lower abundances than their close relatives over the five years surveyed. This raises the questions "how do sequence discrete populations persist?" and "why don't we Stechlin Lake shares gANI of 96% with acI-B1 SAGs from Mendota, indicating that 3 4 8 genotypes within this locally excluded sequence space do exist, at least as long as they are 3 4 9 1 5 from different environments. We infer the persistence of the coverage discontinuity between 3 5 0 populations to be less a factor of dispersal limitation and more likely the result of competitive and in different environments.
3 5 5
We know that both acI tribes and LD12 vary in abundance over seasonal and annual SAGs recruited relative to one another, we are confident that our metagenomic recruitment 3 6 2 filters allowed us to delineate discrete populations that would not be possible to resolve using 3 6 3 more traditional and widely used methods (e.g. 16S rRNA gene sequencing or FISH). Specifically, metagenomic recruitments to LD12 SAGs revealed strikingly different patterns 3 6 5 compared to the acI lineage, suggesting fundamental differences in evolutionary history 3 6 6
and/or lifestyles among such abundant and ubiquitous freshwater bacteria. We discovered 3 6 7
that LD12 populations were not as strongly genetically separated as acI populations; pair-
wise gANIs between SAGs were higher and recruitment plots showed secondary peaks 3 6 9
between 90-95% identity (Figure 3B) , the same range where coverage of acI SAGs was at a 3 7 0 minimum ( Figure 3A) . Under a competitive recruitment analysis, wherein each read is counted only once and attributed to the best match SAG, the secondary peaks disappear populations. Temporal abundance patterns of these LD12 populations were strongly possibly ecologically neutral, leading to co-occurrence and synchronization of temporal Our observations stand in contrast to those reported for the marine species Vibrio 3 9 0 cyclitrophicus 41 . Shapiro and colleagues examined strains inhabiting large-size (L) and 3 9 1 small-size (S) particles and considered their particle-association to represent ecological 3 9 2 differentiation. These L and S strains had an average across-group gANI of 99.0% (Table S6) 3 9 3
and would not appear genetically distinct using the metagenomic read recruitment method 3 9 4 applied in our study. That is, the V. cyclitrophicus L and S strains appear to be less genetically 3 9 5 differentiated than LD12 but possibly more ecologically differentiated. Thus, our work 3 9 6
provides further evidence for conceptual models of bacterial evolution in which different lineages can diversify in different ways, and no single mode will explain all extant diversity. The metagenomic recruitments allowed us to also examine the extent to which 3 9 9 diversity varied within and among populations as well as how diversity changed over time.
0 0
We calculated the population-wide ANI for reads that recruited only above 97.5% and found 4 0 1 the resulting value was remarkably stable through time for most of the abundant populations 4 0 2 (Figure 5B) . This was particularly true for the LD12 populations. However, one striking HiSeq 2000 platform. Paired-end sequences of 2 X 150bp were generated for all libraries. lengths of 150 to 290 bp (Table S3 ). Metagenomes were pooled by month to reduce the time- series data to 30 observations and increase coverage. All contigs from each of the 33 SAGs were used as a reference to recruit reads from bacterioplankton populations in a prealpine freshwater lake. ISME J 7, 896-907, (2013) . given in Table S1 . Shapes indicate the lake the tribe is from, if same, otherwise different lake using a sliding window. Results are shown for two reference SAGs representing the most SAGs. Analogous competitive recruitments that required each read to recruit to only one 6 7 1 SAG are presented in Figure S2 . Each panel represents a different sub-set of the SAGs: A. SAG, across all 30 metagenomes from throughout the five years. The data underlying these 6 9 5
plots can be found in Table S5 . Tables   6  9  8  6  9  9   Table 1 . Metadata for the 33 SAGs. 
